3196

JOURNAL OF PHYSICAL OCEANOGRAPHY

The Wind-Induced Wave Growth Rate and the Spectrum
of the Gravity-Capillary Waves

YUGUANG L1u AND X140-HAI YAN
Center for Remote Sensing, Graduate College of Marine Studies, University of Delaware, Newark, Delaware

(Manuscript received 1 December 1994, in final form 29 June 1995)

ABSTRACT

A form of the spectrum of gravity—capillary waves is suggested, based on a balance of the wind input, the
spectral flux divergence, the viscous dissipation, and the modulation from the wave—drift interaction. The spec-
trum in the alongwind direction is expressed as
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where k is the wavenumber, m and « are constants, u,, is the wind friction velocity, § is the threshold wind
friction velocity, c¢ is the short-wave phase velocity, and m, is the zeroth moment of nondirectional frequency
spectrum of long-wave orbital velocity. For shorter capillary waves, the addition of dissipation due to the eddy
viscosity is needed.

A kinematic wave breaking criterion is applied in the calculation of the short-wave dissipation. It is found
that this short-wave dissipation, due to wave—drift interactions, has the effect of suppressing the spectrum at
higher wind speeds and yields a good agreement with the measurements of both the wave spectrum and the
wave directional spreading rate. It is also found that the fluctuation of average wind stress and dissipations due
to molecular viscosity and eddy viscosity have an important influence on the wave growth rate and the gravity-
capillary wave spectrum. The molecular viscosity plays a significant role at lower wind conditions; the eddy-
viscous dissipation dominates at higher wavenumbers. The threshold wind friction velocity is determined by a
balance between the wind input with fluctuation and the molecular-viscous dissipation. Its value in the fully
developed stage is different from that when the wind starts to blow. The fluctuation of the average wind stress
arising from the wind turbulence has been considered in the calculation of the short-wave growth rate, and its
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effect of increasing short-wave growth rate at low winds has been shown.
ERS-1 scatterometer models and radar backscatter measurements in the open ocean are used to confirm the
proposed spectrum model, especially the directional spreading function. The results show a good agreement

between our model and the field measurements.

1. Introduction

Understanding the scatterometer signal requires us
to focus our attention on ocean surface microscale fea-
tures. Radar backscatter is proportional to the ‘‘rough-
ness’’ of the ocean surface; the roughness is measured
with the directional spectrum of the short waves in the
range relative to Bragg resonance. The long back-
ground waves influence both the spectrum of the short
water surface waves and the resulting radar backscatter
signal.

Water wave spectra in the equilibrium range have
been investigated by Toba (1973), Kitaigorodskii
(1983), Phillips (1985, 1988), Durden and Vesecky
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(1985), Plant (1986), Donelan and Pierson (1987),
Banner (1989, 1990), Shemdin et al. (1988), Jihne
and Riemer (1990), Klinke and Jihne (1992), Hwang
et al. (1993), Apel (1994), and Zhao (1994).

The empirical models proposed by Toba (1973),
Durden and Vesecky (1985), and Banner (1989) are
based on their measurements with the aid of the di-
mensional analysis. The emphasis in these studies is
how the short waves depend on the wind friction ve-
locity and the wavenumber. A semi-empirical and
semiphysical model suggested by Apel (1994 ) is based
on the measurements of Klinke and Jihne (1992) and
his understanding of the relevant physical processes.
The physical models proposed by Phillips (1985),
Plant (1986), and Donelan and Pierson (1987) are
based on their recognition of the wind-induced wave
growth rate and the relevant physical processes. The
wind-induced wave growth rate has been investigated
by, among others, Miles (1959), Plant (1982}, Do-
nelan and Pierson (1987), Larson and Wright (1975),
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Townsend (1972), Stewart (1974), Snyder et al.
(1981), and Hsiao and Shemin (1983).

Plant’s (1982) model fits the measurements well in
the range of short gravity waves, but it does not work
in the range of capillary waves. We found that his
model, with the addition of viscous dissipations and
fluctuation of wind stress, can work very well in the
range of capillary waves. It is necessary to distinguish
the two types of viscosity. The molecular-viscous dis-
sipation plays a role at lower winds. The eddy-viscous
dissipation dominates at higher wavenumbers.

A difficulty in wind—wave relations is how to treat
the fluctuations of wind stress on the moving, random
water surface, which is under the influence of both the
wind and the long water surface waves. The total sur-
face stress is the sum of directly induced variations by
water waves and the random contributions arising from
atmospheric turbulence. The variations and fluctuations
of wind stress have been investigated by Reynolds and
Hussain (1972), Chang et al. (1971), and Takeuchi et
al. (1977). Takeuchi et al. (1977) found that the dis-
tributions of #’ and w' are approximately Gaussian in
the range of 4’ * 30, and w' * 30, (o is the root of
variance). Here — p,u'w' was used to represent the tur-
bulence Reynolds stress. Stress fluctuation influences
wave growth. For an extreme example, Keller et al.
(1985) found a significant increase in the radar return
with increasing atmospheric instability. In this paper,
the variation in wind stress on a larger scale is termed
as the ‘‘fluctuation’’ of the wind stress averaged on a
finer scale. It has the effect of increasing the short-wave
growth rate. This effect on the short-wave growth is
found in the comparison of Plant’s (1982) model with
measurements by Larson and Wright (1975).

Small-scale waves may be modulated by larger-scale
features such as large-scale gravity waves, internal
waves, tidal currents, and bottom topography (Komen
and Oost 1989). A kinematical wave breaking criterion
(Barner and Phillips 1974 ) is that kinematic instability
occurs when fluid particles at the free surface are mov-
ing forward with a velocity greater than the wave phase
velocity. A further question is How does one apply this
criterion to calculate the short-wave dissipation? Smith
(1986, 1990) combined and extended two previous ar-
guments by Longuet-Higgins (1969) and Phillips and
Banner (1974) to estimate dissipation. We use a series
of approximations to simplify our results in order to
apply this criterion to the calculation of spectral action
losses.

Based on our understanding of the relevant physical
processes, the wind-induced wave growth rate and the
spectral balance of the gravity—capillary waves are in-
vestigated in the following sections.

2. Wind-induced wave growth rate

From a survey of field and laboratory experiments,
Plant (1982) suggests that
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(1)
for the wind-induced wave growth rate G, over the fre-
quency range from g/(2wU,o) to 20 Hz. Here U, is
the wind speed at 10 m, w is the angular frequency, u,
is the wind friction velocity, and c is the water wave
phase velocity; G, is used to represent the growth rate
without consideration of dissipation. The above rela-
tion is in agreement with the theory of Miles (1959),
but it fails at small values of u,/c. Miles’s theory
(Miles 1959; Plant 1982) is expressed as

2
Dot LW
S—— — dvwc?,

B = (2)

k2pyc
where « is the von K4rman constant, € is a function of
uy/c, and v is the kinematic molecular viscosity; p,

and p,, are air and water densities.
Combining Egs. (1) and (2), we have
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where k is the water wavenumber.

Equation (3) was found to be incorrect when it was
compared with measurements over the range of capil-
lary waves. For capillary waves, the molecular viscos-
ity, the eddy viscosity, the modulation from the wind
drift, and the fluctuation of the average wind stress play
different but important roles. It is not sufficient to con-
sider only the molecular viscosity.

The theoretical equation for the short-wave dissi-
pation rate due to the molecular viscosity is (Lamb
1932)

4vk?

This is the second term on the right side in (3). Without
considering the random fluctuations of average wind
stress, the threshold wind friction velocity u, can be
derived from Eq. (3) as

NEZA

=l o0a]| -

This threshold wind friction velocity means that there

is no wave growth if the wind friction velocity is less
than Ugy.

The actual wind stress is random because the wind

is a set of many wind gusts. The ensemble average wind
stress can be expressed by

(6))

(6)

Similarly, we define a relation between a random vari-
able 7; (which is termed as ‘‘the local average wind
stress’” and is obtained by averaging in a finer scale of

— 2
To = Pally-
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time or space) and another random variable u; (which
is termed as *‘the local wind friction velocity’’):

(7)

where u; , the local wind friction velocity, is a random
variable, with an assumption of Gaussian distribution

— 2
Ti = Pdihi »

_ (ui — uy)

1 2

where the wind friction velocity u, is its mean value
and o is its variance.

The ensemble average wind stress can be measured
by (Large and Pond 1981; Wen and Yu 1984)

flu) =

To=—pdt'w’,

9

where — p,u'w’ is the vertical momentum flux, and u’
and w' are the turbulence velocity components in x and
z directions, respectively. A local average wind stress
7;, similar to (7), can be expressed by

T, = —pu'w'. (10)
Actually, 4’ and w' are measured in an interval of
several seconds, which belongs to a finer scale.of
time. So, u' and w' can be termed as ‘‘the local tur-
bulence velocity components.”” Combining (7) and
(10), we have

P= (1)
The distribution of #’ and w' was found to be approx-
imately Gaussian (Takeuchi et al. 1977). Therefore,
the local wind friction velocity u; can be assumed to
obey a Gaussian distribution also:

The above expressions may be out of our traditional
understanding of the average wind stress and the cor-
responding wind friction velocity. Both time and space
scales are very small for the capillary waves. The wind
stress can be averaged on various scales. We under-
stand that the average wind stress, which can be used
to calculate the amount of work done, should be ob-
tained by averaging stress variations on a relatively
small time or space scale. Therefore, the wind stress
and the friction velocity, which are used to calculate
the wave growth rate, should be 7; and u,, rather than
To and u,. Evidence for this understanding is from
P. A. Hwang (1994, personal communication): The
" field data from the High Resolution Experiment
(HiRes) show that the energy density of the gravity—
capillary waves, generated by wind with the friction
velocity u,, =4.7cms™',is about five times the energy
density, with u, = 44 cm s~ !. Obviously, the differ-
ences in the energy density are caused by different vari-
ances of the wind stress fluctuations rather than the
ensemble averages of the wind stress. This new under-
standing will help us to obtain a good agreement be-
tween theory and measurements. Considering the fluc-
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tuation of the average wind stress, the wave growth rate
can be expressed as

8 _ [ w;\>  4vk?
w_f[om(c) .

f004(“ ~ 4 ) fu)du,

] fQu)du;

(12)

where the threshold wind friction velocity u, is given
by (5) and the probability density f(w;) is given
by (8).

Following the traditional method (Wen and Yu
1984), the dissipation rate due to the eddy viscosity is
given by simulating the case of the molecular viscosity:

e 4vk*
B (13)
w w
where v, is the eddy viscosity coefficient. Considering
both molecular and eddy viscosities, the threshold fric-
tion velocity u, is given as

172
Uy = [M] (14)

0.04

When wind initially starts to blow, the water surface
drifts are generated immediately. The modulation due to

 the drifts will depress the wave growth rate. The detail of

the modulation will be introduced in section 3. Consid-
ering the three dissipation processes, the wind-induced
wave growth rate is expressed as

B_ r 0.04 L =¥ £y g,
w  Jy c

X [1 - exp(—c¥au?)], (15)

where the threshold wind friction velocity u, is given
by (14), the distribution density f(; ) is given by (8),
the factor within the last pair of brackets on the right
side represents the modulation from drifting currents,
and « is a parameter related to fetch.

A comparison of Eq. (15) with the measurements by
Larson and Wright (1975) is shown in Fig. 1. Plant’s
model fits the measurements very well in the range of
short gravity waves, except at small values of u./c
(Plant 1982, see his Fig. 2). Figure 1 shows that his
model, with an addition of the molecular—viscous dis-
sipation and the fluctuation of wind stress (which is
represented by shaded area), can fit the measurements
very well at small values of u,/c. Figure 1 also shows
that the dissipation rate due to molecular viscosity is
obvious at low wind friction velocities, the dissipation
rate due to eddy viscosity is significant at very high
wavenumbers, and the modulation from wind drift
takes place at high wind friction velocities.

Equation (15) includes an integral, which compli-
cates the problem. In order to simplify the equation, we
use (16) or (17), which are approximately equivalent
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mathematically to (15), to substitute for (15). These
two equations are

2 2
B _ 0.04(55) exp| — A FvIkiw +u1/e)2k fw
w ¢ 0.04(7*) /'y

X [i — exp(—c¥au)] (16)
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where 0.04 (uy/c)? represents the wind input, 0.04 (u,
— &)/ c? represents the wind input reduced by molec-
ular-viscous dissipation,

= -

4vk?/w
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e
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represents the influence from molecular viscosity, and
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wind friction velocity / wave phase velocity represents the influence from eddy viscosity. The factor
within brackets on the right side in (16) and (17) rep-
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°
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growth rate / frequency
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c FiG. 1. Wind-induced growth rate normalized by wave frequency

T TTTTTI] T T "N (BIlf ) versus friction velocity per unit phase velocity (u/c). Solid
line indicates growth rates inferred from Plant (1982). Shaded area
(filled by many triangles) indicates growth rates inferred from (15)
when k is from 20 rad m™' to 50 rad m™'. Left and right dashed lines
indicate growth rates inferred from (15) when & = 340 rad m™' and
k = 867 rad m™', respectively. Squares, crosses, and rhombuses in-
dicate the measurements from Larson and Wright (1975) for k = 340
rad m™’, 501 rad m™', and 867 rad m™', respectively. The data were
from their Figs. 8 and 9. Three different cases of Eq. (15) are shown
in (a), (b), and (c), respectively. (a) The growth rates (dashed lines
and shaded area) were inferred from Eq. (15) with calculation of only
wind input and molecular—viscous dissipation; (b) with calculation
of wind input, dissipations due to molecular viscosity and eddy vis-
cosity; (c) with calculation of wind input and total three dissipations
due to molecular viscosity, eddy viscosity, and modulation from wind
drift. The probability density Au;) in (15) is given by (8). The relevant
0.01 0.1 1 10  parameters are the variance in (8) o = 0.9u)7, the parameter « in
(15) is valued as 0.06, the molecular viscosity in (14) v = 0.011

wind friction velocity / wave phase velocity cm? 57, the eddy viscosity in (14) v, = 8 X 10 % w(uy/c)’.

o4
=

growth rate / frequency
bt
2

0.001
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resents the modulation from the wind-induced drift, o
is a parameter related to fetch, 4 is the threshold friction
velocity determined by a balance between the wind in-
put with fluctuation and the molecular viscosity, the
parameter <y is a dimensionless coefficient that controls
the extent of dissipation and is related to the variance
of the local wind friction velocities. In order to empha-
size the physical meaning, and for ease of understand-
ing, the exponential functions in (16), (17) and the
following equations in this paper are not reduced to
their simplest forms.

Equation (1) represents the growth rate without the
consideration of the three dissipations. It is approxi-
mately correct in the range of gravity waves, because
the influence from these three dissipations in this range
is small. In the range of shorter waves, the three dis-
sipations cannot be neglected. The factors of these dis-
sipations are defined as

4uk?/w
ﬁn—exp[—mv]v, (18)
or
2
fm=<1—-6~) , (19)
Uz
and
. 4v k* w
Je= e"p[ 0.04 (uy/c)’ 7] : (20)
fo= (1 — ey, (21)
or
fi=(—e'*, (22)

where f,, is the factor of molecular viscous dissipation,
/. is the factor of eddy viscous dissipation, and f, is the
factor of dissipation due to wave—drift (background
drift) interactions. In physics, a negative exponential
function based on the natural number (e ) has often been
used successfully to describe dissipation. The negative

exponents in (18) and (20) consist of three parts: an -

energy dissipation rate, an energy input rate, and a co-
efficient. Here 4vk*/w in (18) and 4v.k*/w in (20) are
the energy dissipation rates, 0.04(uy/c) in (18) and
(20) is the energy input rate, y(w) in (18) and (20) is
the dimensionless coefficient, f,, in (19) is another form
of the dissipation factor; f, in (21) and (22) will be
introduced in section 3.

We use 8,/w in (1) to represent the growth rate with-

out dissipation. Then the data calculated from ( 8o/ w) f,,..

are very close to the dashed lines in Fig. 1a, the data
calculated from ( 8¢/ w) f,.f. are very close to the dashed
lines in Fig. 1b, and the data calculated from (G,/
w) fuf.f» are very close to the dashed lines in Fig. 1c.
The product of the growth rate with the three dissipa-
tion factors (Bo/w)f.f.f, is equal to the right side of
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(16) or (17). The dashed lines in Fig. 1 are calculated
from (15). Therefore, (16) and (17) are approximately
equivalent mathematically to (15).

A comparison of Eq. (17) with the measurements of
Larson and Wright (1975) is shown in Fig. 2a. Figure
2a gives almost the same dashed lines as those in Fig.
Ic. It means that Eq. (17) can be used to replace Eq.
(15). To determine the relative errors, Eq. (17) is re-
written as '

g 1

Uy \?
—— =27(0.04 £+ 0.0 —,
F Guffy) = 200420 2)<c)
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wind friction velocity / wave phase velocity

FiG. 2. (a) Similar to Fig. 1c except that the proposed growth rates
are calculated from Eq. (17) rather than (15). The three dashed lines
from the left to the right are for k = 340, 501, and 867 rad m™',
respectively. (b) Similar to Fig. 1c except that the data measured by
Larson and Wright (1975) are added the losses due to three dissipa-
tions by using the left of Eq. (23). .
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where the right side is the growth rate without dissi-
pation by Plant (1982), and 27 X 0.02(uy/c)? is the
standard deviation derived from his data, which means
a relative error of 50/100. Plant’s growth rate is shown
in Fig. 2b as a solid line. The growth rate plus a stan-
dard deviation is shown as the upper dashed line, and
the growth rate minus a standard deviation is shown as
the lower dashed line. The data of Larson and Wright
(1975) represent the dissipated growth rate. The left
side of (23), in which these data were substituted into
B/ f, represents the growth rate without dissipation. The
data of their measurements plus losses due to three dis-
sipations are shown in Fig. 2b as discrete symbols. Fig-
ure 2b shows that these data are within the limits of the
above standard deviations. The differences between the
measurements and the proposed growth rate are smaller
than the standard deviation derived from Plant’s data.

The wind-induced growth rate proposed here by us-
ing u, is based on Miles’s theory (Miles 1957, 1959)
of wind wave generation and development and energy
balance among the wind input and the three dissipa-
tions. The growth rate proposed by Donelan and Pier-
son (1987) is based on Phillips’s resonance theory of
- wind wave generation and is expressed by the wind
velocity at a height of half-wavelength over water sur-
face. Wind wave generation is a very complicated topic
that has been discussed for a few decades. We think
that science would benefit from the existence of two
theories. Some of the theoretical studies on the wind-
induced wave growth rate refer to the theory of wind
wave generation. The growth rates measured at very
low wind speeds were significantly larger than those
predicted by all treatments of the Miles’s theory (Val-
enzuela 1976; Kawai et al. 1977; Van Gastel et al.
1985). Because of this, Kahma and Donelan (1988)
gave their explanation by using Phillips resonance the-
ory. Their conclusion is that Phillips resonance theory
may be more reasonable than Miles’s theory. Our study
reveals that the growth rates measured at very low wind
speeds are in agreement with those predicted by Miles’s
theory when the statistics of varying wind fields is in-
cluded. Therefore, the final choice between the two the-
ories is still unavailable.

3. Short-wave dissipation due to wave—drift
interactions

In a very strong wind-generated situation with steep
dominant waves, the average spectral density at wave-
numbers in the equilibrium range will be suppressed by
additional significant local spectral action losses near
the dominant wave crests. To find the overall spectral
density, one would have to examine the influence from
the interactions among the wind drift, the short waves,
and the dominant background waves.

With the assumption that the surface wind-drift layer
is established by viscous action over a timescale much
greater than the time it takes a fluid element to move
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from crest to trough, a kinematic breaking criterion was
derived by Banner and Phillips (1974): kinematic in-
stability occurs when fluid particles at the free surface
are moving forward with a speed greater than the wave
speed. Laboratory observations by using flow visual-
ization techniques also found that the breaking of wind-
generated waves occurs due to kinematical instability.
Further evidence that breaking is the result of kinematic
instability is given by theory (Thornton 1977).

As given by Phillips and Banner (1974), the maxi-
mum amplitude that the short waves can have when
they are at the point of incipient breaking at the long-
wave crest is

Cmax = (2g’)_|(cr - Qmax)za (24)

where ¢,.. is the maximum value of the drift aug-
mented by the long wave, c. is the short-wave phase
speed at the long-wave crest, and g’ is the effective
value of gravity for the short waves, g’ = g — a, where
a is the orbital acceleration in the long wave (Longuet-
Higgins 1987). Equation (24) means that the short
waves will break to give off their energy completely
when the fluid particles at the long-wave crest are mov-
ing forward with a drift speed greater than the short-
wave phase speed.

When the variations in wind stress are neglected and
the motion is steady in a frame of reference moving
with the long-wave phase speed, the surface drift aug-
mented by long waves, in the first-order approximation
of long-wave slope, is (Phillips and Banner 1974)

q = (C — uy cosf)

— [(C — up cos8)? — qo(2C — go)1'"%, (25)

where u, is the amplitude of long-wave orbital velocity
component in the alongwind direction, # is the phase
angle of long wave (which equals to zero at crest), C
is the long-wave phase speed in the alongwind direc-
tion, and g, is the surface drift at the point of long-
wave profile where the surface displacement { = 0.

In the first-order approximation of long-wave slope,
the short gravity wave phase speed at the long-wave
crest is given (Phillips and Banner 1974) as

Cc = CO(l - IBs)? (26)

where ¢, is the short-wave phase speed at the point of
the long-wave profile where the surface displacement
€ = 0, B, is the long-wave slope (actually, the ampli-
tude of long-wave slope), 8, = uy/C.

The kinematic breaking criterion for short waves at
the long-wave crest, expressed by an inequality, is

(27)

From (25) and a few binding relations among the
long-wave phase speed, the long-wave orbital velocity,
and the surface drift, we found that the maximum value
of the surface drift is approximately proportional to the

Gmax > C..
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amplitude of the long-wave orbital velocity (see ap-
pendix A). It is expressed as

(28)

where the proportional coefficient a is on the order
about 0.15 in the open ocean. The value of a in the
wind—wave tunnel is much larger than 0.15.

Relation (26) is derived based on an assumption of
conservation of the angular frequency of short waves.
This assumption may not be used for the gravity—cap-
illary waves with small phase speeds, especially when
the amplitude of the long-wave orbital velocity is great,
because there is no real solution (Shyu and Phillips
1990). In the first-order approximation, g’ = g(1 — g,
cosf), where g, is the long-wave slope. Influenced by
the variation of g’, the short-wave phase speed at the
crest is

) 1/2 172
o= E TR (8, Tk _Be
k P kK p k
o B 8k wc  glk
2 glk + Tklp 2C glk + Tklp”
(29)

Substituting (28) and (29) into (27), an equivalent
criterion is derived as

”0>a 1 +_£___&._
2aC glk + Tk/p

qmax ~ auO [}

c

or

_c c glk - ¢
> (1 2aC glk + 'rk/p) 2 GO0
For moderate and strong winds in the open ocean, C/
c is generally over 50. The second term within brackets
in (30) is small and can be neglected. Therefore, the
equivalent criterion is expressed, in a roughly approx-
imation, as

o> =, (31)

a

where a is a parameter related to fetch. It means that if
the amplitude of long-wave orbital velocity is over 1/
a times the short-wave phase speed, the surface drift
at the crest, augmented by long waves, will have a
speed greater than the short-wave phase velocity, and
the short waves will be wiped out by the drift. Because
the surface drift partially advects the short waves
(Smith 1986), the percentage of the drift that does not
take part in the advection should be added in the left
side in (31). In a rough approximation, this percentage
is assumed to be a constant for short waves near c,y,,

which is about 3.616 rad cm™'. In other words, we may
overestimate the suppression by the surface drift for
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shorter capillary waves under this assumption. Consid-
ering the advection, the equivalent criterion should be

c
bu0>_,
a

or

Uy > apC,

(32)

where a, = 1/ab and b is the percentage of the drift
that does not take part in the advection.

Supposing an angle ¢ between the short waves and
the mean wind direction, a cosine function should be
added into (32) such that

(33)

In order to apply the criterion to calculate the influ-
ence on the wind-induced wave growth rate from the
wave—drift interactions, we must know the probability
distribution of the amplitude of long-wave orbital ve-
locities.

With the assumptions that the long-wave orbital ve-
locity component in the alongwind direction is Gauss-
ian and that the corresponding energy spectrum is nar-
row, the probability density of its distribution can be
described (see appendix B) by

Uy COSP > ayC.

172
f(n) =nCXP(—7), (34)
with
= Mo
n PPN

where y, is the zeroth moment of the spectrum of long-

wave orbital velocity component in the alongwind direc-

tion. An equivalent expression of the criterion (33) is
QgC

n > (35)

172 *

cos o

The probability of short-wave breaking due to the
surface drift is

S 2
agC n
Plpn>——F| = f ex| (- ——)d
(77 Cos ¢l*‘(l)/2> age/(cosdig) 7 exp 2 K

= ex —~——_a662
BREAV) cos’du /-
The zeroth moment in the alongwind direction is
given by (B6) in appendix B as

(36)

o0 T2
o = f f ®(w, 0) cos?0didw = my, (37)
0 —wi2

where ®(w, #) is the directional spectrum of long-wave
orbital velocity, € is the angle between the mean wind
direction and the long-wave orbital velocity, and m, is
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the zeroth moment of the nondirectional frequency
spectrum of long-wave orbital velocity.

The zeroth moment m, is given by (B9) and (B12)
in appendix B as

for open ocean,

U2
mo 12 :
(uy — Scms™')* for wind—wave tunnel,

(38)

where U is the wind speed at a height 10 m or 19.5 m
over the ocean surface, u, is the wind friction velocity,
and 5 cm s~' is the threshold friction velocity.

The dissipation due to the wave—drift interactions
can be expressed as

2.2
agC —QoC

D =bS,P(n>—22_) = ps, exp —),

(77 cosdw,é”) bs exP(2cosz¢,u0)

(39)

where S, represents the wind input, b represents the
absence rate of short waves when the short-wave break-
ing takes place. The absence rate b refers to a position
where the short-wave breaking takes place. For the
windward side of long background waves, b is equal
to 1. For the leeward side or both sides, b can be as-
sumed to be a function of the probability of short-wave
breaking such that
aoC

b= [P<" ~ cosw&”)] '

Substituting (37) and (40) into (39), we obtain
(41)

where the value of constant a, is different when the
windward side, the leeward side, or both sides are con-
sidered.

In the presence of very strong winds, the serious
breaking of short waves can cause turbulence. The tur-
bulence from the breaker destroys all of the short waves
in both the alongwind and the crosswind directions.
Considering both directions, the dissipation due to the
wave—drift interactions should be

(40)

D =S, exp(—c*a, cos’p my),

(a, cos’p+a, sin’d)my,

D=sS, exp( ), (42)

where the constants @, and a, can be determined by
measurements. Generally, «, is much less than «;.

4. Spectrum of the gravity—capillary waves
a. Balance of energy

The action spectrum N(k), is defined as

N(k) = cB(k) = 55 B(k) = %’i k*B(K), (43)
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where gy = g + (7/p)k?, g is the gravitational accel-
eration, 7 is the water surface tension, p is the water
density, k is the wavenumber, c is the intrinsic phase
speed of the gravity—capillary waves, ®(k) is the wave-
number spectrum, and B (k) is the degree of saturation
expressed in terms of a dimensionless function. This
equation is from Plant [1986, see his Eq. (1)]. The
action is defined as the energy over the frequency. The
calculations of the energy for the gravity waves and for
the capillary waves have been given by Phillips [1977,
see his Eqgs. (3.2.7) and (3.2.8)].

Following energy paths, the balance of action spec-
trum for a state of statistical equilibrium can be repre-
sented as

ﬂ=*V-T(k)+SW—D=O.

T (44)

The action spectrum will be determined by the rate of
wind input S,,, the spectral flux divergence V- T(k),
and the dissipation D.

b. Three physical processes
The rate of wind input can be determined by

S, = BN(k), (45)

where  is the wind-induced wave growth rate. Con-
sidering molecular viscosity and eddy viscosity, the
wind-induced wave growth rate normalized by angular
frequency can be expressed by

B ) —4v k?
— = (. —_—, 4
w 0.04x"exp w/0.04x%/y (46)
with
x = (uy — 8)/c,

which is obtained from Eq. (17). Substituting (43) and
(46) into (45), we obtain

S, = 0.04g,k~*x’D,.($)B(k)

X exp(—4v .k w/0.04x*y), (47)

where the directional spreading function D, (¢) of
wind is added.

The spectral redistribution of wave action in the
range of gravity waves has been investigated by Has-
selmann (1962; 1963a,b) as a ‘‘collision integral’’
over sets of four resonantly interacting gravity
waves. This integral is cubic rather than quadratic in
wave action N(k), because resonant gravity wave
interactions involve sets of four components, rather
than three. The result of the integral is given by
Kitaigorodskii (1983):

V- T(k) « g7'""%k""2N3(k). (48)
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This is also expressed by using dimensionless function
B(k) (Phillips 1985):

V-T(k) x gk™*B*(k). (49)

Among very short gravity—capillary waves, for
which gravity and surface tension are both important,
w = (gk + 7k*)""?, it is found that the resonance of
three components is more significant than that of four
components. The details involved have been studied by
McGoldrick (1965). Based on analogy, the collision
integral over sets of three resonantly interacting grav-
ity—capillary waves is quadratic in action N(k). The
spectral flux divergence has dimensional factor g,k *
and it is expected to be expressed as

V- T(k) x gok*B*(K). (50)
The dissipation due to the wave—drift interaction
is
D =S, exp[—c¥(a, cos’d + a,sin’dp)m,], (51)
which is from (42). '

c. Spectrum of gravity—capillary waves

Substitutin'g (47), (50), and (51) into (44), the
spectrum of the gravity—capillary waves can be ob-
tained immediately as

bk, d) = k*B(k, ¢) = mk*x*D,,(d)
X exp(—4v.k* w/0.04x%y)
X {1 — exp[—c¥(a; cos’d + a, sin’dp)my]} (52)
with
x = (uy, — 8)/c,

where m is a constant, D,,(¢) is the directional spread-
ing function of the wind, and x” is the wind input com-
bined with dissipation due to the molecular viscosity.
Here

exo| — 4uv.k* w
Pl 7 0.04x77y
refers to dissipation due to the eddy viscosity, which is

significant only for the capillary waves with wavenum-
bers more than k,, (k,, = (pg/7)""* ~ 361.6 rad m™'),

c2
1 —exp| —
e<p( (a, cos’p + sin2¢)m0)

is the factor referring to small wave breaking due to
the wave—drift interactions, v, is the kinematic eddy-
viscosity coefficient of water, and m, is the zeroth mo-
ment of nondirectional frequency spectrum of long-
wave orbital velocity, which is given by (38).

The spectrum of the gravity~capillary waves in the
alongwind direction is
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D(k,0) =k™*B(k,0)
= mk™*x? exp(~4v k% w/0.04x% y)
X [1 — exp(—c*aymy)], (53)
with
x = (uge — 8)/c.

The directional spreading function of the gravity—
capillary waves is

D(¢) = D,(¢)

62
1 — —
exp[ (a; cos’dp + a, sin2¢)m0]

c2
1 —exp _amo
1

It means that both the wind direction distribution and
the wave—drift interaction determine the directional be-

X (54)

“havior of the gravity—capillary waves. Equation (54)

indicates that D(¢) will be wider when m,/c? becomes
larger.

The threshold friction velocity ¢ is empirically de-
termined to be about 5 cm s~', which corresponds a
value of about 1.3 m s™' for wind at 10 m over the
water surface. The physical reason for this selection
will be discussed in section 4e. For fully developed
waves, the value of vy is different from that in the ini-
tial stage, such as presented in Eq. (17); v is related
to the variance of the local wind friction velocity. The
variance of the local wind friction velocity in the fully
developed stage is different from that in the initial
stage.

The degree of saturation B(k, ¢) as used in (52) is
approximately equal to ‘‘curvature spectrum.’”’ Hence
the term ‘‘saturation spectrum’’ [B(k, ¢)] can be re-
placed by ‘‘curvature spectrum,’’ as suggested by Apel
(1994).

d. Comparison with laboratory measurements

For a narrow wind—wave tunnel, the zeroth mo-
ment m, of the nondirectional frequency spectrum of
long-wave orbital velocity is proportional to the wind
stress input. Substituting the second expression in
(38) into (53) and (54 ), the spectrum of the gravity—
capillary waves in the alongwind direction can be
expressed as
®(k,0) = k*B(k,0)

= mk™*x? exp (—4v k¥ w/0.04x%/v)
X [1 — exp(—1/a;x?)], (55)
with

X = (U* - 6)/07
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and the directional spreading function of the gravity—
capillary waves can be expressed as

D(¢) = D.(¢)

1
L= exp[— (&, cos’d + a, sin2¢)x2]
) . (56)

1
1- exp(-— a,x2>

In order to fit the measurements by Jihne and Riemer
(1990), some parameters are given as follows:

(1) The proportional coefficient of the spectrum of
the gravity—capillary waves

1

m=—.
320

(ii) The eddy viscosity coefficient together with the
dimensionless coefficient y

Y, = 3.6 X 10—%'-5( e 6)2'5.

c

(iii) The threshold wind friction velocity
§=5cms™',
(iv) The parameters related to fetch
a, = 0.225, a, = 0.025.
(v) The directional spreading function of the wind

D, = exp(—1.05|¢|), for

-ns¢=nm

0.1
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Comparison of the degree of saturation given by
(55) with the measurements of Jahne and Riemer
(1990) is shown in Fig. 3 over a wide wavenumber
range for short waves. Figure 3 shows that the eddy-
viscous dissipation plays the main role in the cutoff
range over k = 1000 rad m™~' and at higher wind fric-
tion velocities. In other words, the dynamical reason
for the spectral cutoff of the ripples is due to the eddy
viscosity. The maximum degree of saturation given by
(55) is present near the wavenumber k, (k, = (pg/
7)'?) =~ 361.6 rad m™'). The wind stress input causes
a peak at k,, in the spectral curves. The factor within
brackets in (55) suppresses the peaks in the spectral
curves at higher wind speeds. For shorter fetch, the
background waves and the drifts are not so strong, and
the peaks in the spectral curves will then be obvious.

For convenience of comparison with measurements,
Eq. (55) can be changed from its original form into the
following form: ~

B(k, 0) exp(4v.k*/ w/0.04x%/y)

= mx?[1 — exp(—1/a,x*)]. (57)

It means that the right side of (57) represents the degree
of saturation without eddy-viscous dissipation. The fac-
tor of eddy-viscous dissipation was moved into the left
side of the above equation. Figure 4 gives a comparison
of Eq. (57) with the measurements of Jihne and Rie-
mer (1990) over the wavenumber range from 141.4
rad m~' to 600 rad m~'. Figure 5 gives a comparison
of Eq. (57) with measurements over a wavenumber
range from 40 rad m™' to 1414 rad m~'. At lower
winds, the degree of saturation is very well described

oolEe BB A
...................... o+
P S T ry | 3 L o S E . .
30.001 ........................... VA 3o X, XK
o
............ %
00001 = oo & T
19-05 T

k(rad/m)

FiG. 3. The degree of saturation versus the wavenumber—a comparison of the spectrum of the
gravity—capillary waves in alongwind direction (0 + 5°) given by Eq. (55) with the measurements
by Jahne and Riemer (1990). The dashed lines from upper to lower, corresponding to the friction
velocities 0.722, 0.424, 0.269, 0.205, 0.140, 0.100, and 0.073 m s™', respectively, are given by
Eq. (55). The others are from the measurements for the same velocities. The triangles correspond
to 0.722 m s™', the plus signs 0.424 m s™', the squares 0.269 m s~', the crosses 0.205 m s, the
asterisks 0.140 m s/, and the diamonds 0.100 m s~'. The measurements at 0.073 m s~' and near

the spectral peaks are not presented.
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FiG. 4. The degree of saturation vs (4, — 6)/c—a comparison of
the spectrum of the gravity—capillary waves in alongwind direction
(0 = 5°) by Eq. (57) with the measurements by Jihne and Riemer
(1990). The degree of saturation without eddy-viscous dissipation,
represented by solid lines, is calculated from the right side of Eq.
(57). The degree of saturation with only molecular-viscous dissipa-
tion, represented by dashed—dot lines, is calculated from mx*. The
degree of saturation with a linear relation to the wind friction veloc-
ity, represented by dashed lines, is calculated from m'x, where m’
=1f120 and x = (u,, — 6)/c. The triangles represent the measurements
in a wavenumber range from 141.4 rad m™' to 600 rad m™". To com-
pare with the degree of saturation caiculated from the right side of
Eq. (57), the data, measured by Jahne and Rimer (1990), were added
eddy-viscous losses by using the left side of Eq. (57). The three
different coordinate scales are given: (a) natural coordinates, (b) log-
arithmic y versus natural x coordinate, (c) double logarithmic coor-
dinates.
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by x* = [(ug — 6)/c]?. At higher winds, the modula-
tion from wave—drift interactions suppresses the en-
ergy of the short waves and plays a significant role.

Figure 6 gives a comparison of the directional
spreading function (56) with the measurements of
Jdhne and Riemer (1990) at ¢ = 60 = 5° and 90 * 5°,
respectively, at higher winds. The modulation from
wave—drift interaction widens the distribution of the
gravity —capillary waves. This comparison is only a ref-
erence, because the information on the directional dis-
tribution of wind input is not available.

For the open ocean, the zeroth moment m, of the
nondirectional frequency spectrum of long-wave or-
bital velocity is proportional to the square of wind
speed at a height over the ocean surface. Further, the
wind speed is proportional to the phase speed of
dominant long waves at spectral peak. Substituting
the first expression in (38) and (Al) into (54), we
have

1 — expl - (c/C)?
P a, cos’d + a, sin’P

[ (c/C)z] ’
1 - €Xp ——a“'—
1

(58)

where C/c is the ratio of the phase speed of dominant
long waves to that of short waves. For short gravity
waves, (C/c)* ~ k/k,, where k is the wavenumber of
short gravity waves, and k, is the wavenumber of long
waves at spectral peak. Donelan et al. (1985) and Ban-
ner (1991) found that the ratio k/k, controls the rate of
spreading of short gravity waves as a function of the
distance from the spectral peak. Equation (58) gives a
possible physical explanation to the directional behav-
ior of short gravity waves.

D(¢) = D.(¢)

e. Threshold friction velocity

In section 4d, the threshold friction velocity o for
fully developed waves is empirically determined to

1 T T | 1 T ... L
0.01 | P . £ =
E Iy E
0001 | , 3
=) E 3
o - 3
& F ]
4

0.0001 |- -
3 E
- p
[ ]

1605 1 I ] 1 | !
0 0.5 1 1.5 2 25 3 35 4

FIG. 5. The same as in Fig. 4b except for the wavenumber range
of the measurements. The data are the same as in Fig. 3; the wave-
number range is from 40 rad m™' to 1414 rad m™".
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FiG. 6. The directional spreading function averaged in 60 * 5° and 90 * 5° vs (u, — 6)/c—a
comparison with the measurements. The upper and lower lines, inferred from (56), represent the
directional spreading rates averaged in 60 * 5° and 90 * 5°, respectively. The crosses and rhombuses
represent the measurements by Jihne and Riemer (1990).

be about 5 cm s~'. It is different from the empirical
relation of threshold friction velocity in the initial
stage, which is given in (17). In the initial stage,
wind stress fluctuation is generated only by the at-
mosphere. In the fully developed stage, other sources
of energy input are added and the wind stress fluc-
tuation is generated by both the atmospheric turbu-
lence and the background waves in the water. A few
possible sources of energy input for capillary waves
are found to be complementary. Capillary wave gen-
eration at the steep wave crest in the absence of wind
has been demonstrated in an experiment of Cox
(1958). The generation of capillary waves is due to
the high curvature at the crest of underlying gravity
waves and the action of ‘‘radiation stress’’ (Longuet-
Higgins 1963). This mechanism suggests that the
capillary waves extract energy from the primary
waves with wavelengths 5-30 cm. Second, some
capillary waves may be maintained by the second-
order wave—wave interactions giving an energy flux
from spectral components more adequately supplied
with energy from the wind (Phillips 1977). The fea-
ture of the bimodal angular dispersion at lower
winds, observed by Jihne and Riemer (1990), sup-
ports this mechanism. Finally, we suggest that the
additional wind Reynolds stress fluctuations, which
are generated by the background waves and related
to the time and space scales of doing work, are a
possible reason. It is estimated that the required
scales averaged in time and space are different for
different capillary waves with different wavelengths.
The Reynolds stress fluctuations generated by water
waves will be stronger, if the required averaged
scales are smaller.

The threshold friction velocity § is determined by a
balance between the wind input and the molecular-vis-
cous dissipation. The wind input is related to the wind
Reynolds stress fluctnations. The wind Reynolds stress
fluctuations are generated by atmospheric turbulence
and dominant water waves. The scale of the dominant
water waves is smaller than that of the atmospheric
turbulence. It is estimated that the wind Reynolds stress
fluctuations generated by dominant water waves are
different for capillary waves with different wave-
lengths. The reason is that the scale of the dominant
water waves is not too large compared with the scale
required to complete doing works for capillary waves.
In the initial stage, the dominant water waves are not
formed. Therefore, the wind stress fluctuations and
wind input in the initial stage and in the fully developed
stage are different from each other. This difference
causes different threshold friction velocities for differ-
ent stages.

5. Comparison with field measurements

a. Spectrum of the gravity—capillary waves in the
open ocean

For the open ocean, the zeroth moment m, of the
nondirectional frequency spectrum of long-wave orbital
velocity is proportional to the square of wind speed at
10 m over the ocean surface. Substituting the first ex-
pression in (38) into (53) and (54 ), the spectrum of the
gravity—capillary waves can be expressed as

_£\2 2
<I>(k,¢)=mk*“<"ic—‘5) [1 -exp(a o )]D(cb),
(59)
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with the directional spreading function of the gravity—
capillary waves given by

D(¢)

C2
1 — —
exlp[ (o) cos?¢p + a, sinng)U?O]

02
1 - exp(— alUﬁ))

and the directional spreading function of the wind
stress input as

D.(¢),

D, (¢) = sech®(he).

This spectrum is suitable for K,-band and C-band.
For K,-band, eddy-viscous dissipation should be added.
In order to fit the field data obtained from K, -band
measurements and C-band empirical models, the pa-
rameters are as follows:

(i) The proportional coefficient of the spectrum of
the gravity—capillary waves

m=——.
280
(ii) The threshold wind friction velocity
5 = {3.0 cms~'  for C-band
50cms™"  for K,-band
' (iii) The parameters chie to the wave—drift interac-
tions
a, = 0.00005 x 1.22,
0.0003 X 1.2% for the leeward side

of the background waves,

0.0006 X 1.2* for the windward side
of the background waves

(iv) The parameter in the wind stress directional
distribution is '

h=14.
The relationship between u, and U, is
(60)

where C, is the neutral-stability drag coefficient, which
is used in (59) to obtain the wind friction velocity from
the wind speed at 10 m over the ocean surface. The
drag coefficient used here is (Pierson et al. 1984)

C, = 1073(2.717U;¢ + 0.142U3 + 0.0761U,),
(61)

which is based on the data of Large and Pond (1981),
Davidson et al. (1981), and Dittmer (1977).

To = Paufk = PaCdU?o,
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b. Backscatter theory

A way of comparing our model to field measure-
ments is to examine the agreement or the difference
between the radar backscatter cross sections (RBCS)
measured in the open ocean and the theoretical radar
backscatter values calculated from the backscatter the-
ory and the spectrum of the gravity—capillary waves.

The total energy of radar backscatter by the ocean
surface includes two parts: one from Bragg resonance,
the other from specular reflection. In the two-scale
model, radar backscatter cross sections due to Bragg
resonance of the first order (Wright 1968; Valenzuela
1978; Brown 1978; Stewart 1985) for vertical polariza-
tion are

. 5
ol = 16k (“—5’8—

2
)gl(ml)(oi)

sind \? 2
+ <—&—) gf.;'.)(é’i)‘ P

% [2kR sind,, ¢ + tan™' (7—8“1—5)] . (62)
a

where kg is the radar wavenumber and g&’(8) and
gf,,',)(G) are the first-order scattering coefficients for

vertical polarization and for horizontal polarization, re-
spectively, given by
(e, — DJe(1 + sin?§;) — sin’8; Jcos?6;
[e, cosB; + (e, — sin?g;)'"?]?
(e, — 1) cos?6;
[cos8; + (e, — sin’6,)'?)%°

250 =

’

g (8:) =

where ¢, is the complex dielectric constant, which can
be calculated from the Debye equation ( Stewart 1985;
Klein and Swift 1977), 8, is the local incidence angle,
®[ 2k sind;, ¢ + tan~'(y siné/a)] is the two-dimen-
sional (polar coordinate) wavenumber spectrum of the
gravity—capillary waves, 2k, sinf; is the wavenumber
of Bragg resonance, ¢ is the azimuth angle between the
upwind direction and the projection of radar beam in
the ocean surface, and tan™'(7y siné/a) is the variety
of azimuth angle caused by local surface slopes. The
relevant four variables are

o; = Sina,‘,
a =sin(d + ¢),
vy =cos(d + ¥),

cosf; = cos(f + ¢) cosd,

where i and § are the local ocean surface slopes, which
can be calculated from

sind = sinys, sing,

tany = tanys, cos¢, (63)
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where ¢, is the mean tilt of leeward side or windward
side of the background waves. The value of i, is given
by

tan(7/6) o
tany, = tf deI f(x,y)dy, (64)
0 —oo

where f(x, y) is the joint probability density of the
slopes. The sum of RBCS due to Bragg resonance in
both sides of the background waves is

g 1 tleeward + _1_ 0.(\)~indward,

==0y

90 =3 2

(65)
where 1/2 is the probability of small waves in lee-
ward side or windward side of the background
waves. This is a simple two-scale model, which pro-
duces a small difference between the values of RBCS
from the upwind direction and the downwind direc-
tion.

The radar backscatter cross sections (RBCS) due to
specular reflection (Barrick 1968; Valenzuela 1978;
Apel 1987) are

o§ = m sec*df (L., §,)| R(0)[?, (66)

where @ is the incidence angle of the radar beam and
| R(0)|? is the Fresnel reflection coefficient for normal
incidence (Stewart 1985; Schanda 1976). In (66), the
joint probability density of slopes f(&., {,) is evaluated
at the specular points; §, and {, are the slopes of the
rough surface in the upwind and the crosswind direc-
tions at the specular points. For a wide spectrum, the
nonlinear interactions cannot be neglected, and the
slopes cannot be described by a Gaussian distribution.
Considering nonlinear wave—wave interactions, the
joint probability density of slopes is given by Liu
(1995, unpublished manuscript)

n x?
FE) =t~ Dow, [1 T - Dot

y2

—n+2/2
— + sk
n_ 1)03] skewness, (67)

where x and y are the values of random variables (,
and {,, and n is the parameter related to spectrum
width. The value of n is selected as 5 for comparison
with ERS-1 models and 100 (n = 100 corresponds a
narrow spectrum) for comparison with K,-band data
measured by Jones et al. (1977). Here o, and o, are
given by

oy+to,=0",
2
UX
— =009, (68)
Oy

where o is the ‘‘measured’’ mean square slope, which
is given by Wu (1994),

o = (090 + 1.20 InUy) X 1072, (69)
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A mixed model of the ‘‘effective’’ radar back-
scatter due to both specular reflection and Bragg res-
onance is

co=0RXr+ocixP, (70)

where r is the effective reflectivity coefficient based on
the calibration requirement (Apel 1994; Wu 1994),
and its value is selected as 1.0 for comparison with
ERS-1 C-band empirical models and 0.5 for compari-
son with K,-band data measured by Jones et al. (1977)
in this study. Here P is the probability in which the
radar beam involves Bragg resonance:

| SO = ano)

for 6 > 15°
p= FEEE + 7 = tanl5°)
0 for 6 < 15°
(71)

where fis the joint probability density of slopes, £, and
€, are the slopes in x and y directions, and 6 is the
incidence angle. Actually, the effect of P in this model
can be neglected for # > 20°. Equation (71) is a sim-
plified expression and it is not very accurate. A more
accurate expression will be given by Liu.

¢. Comparison with K, -band measurements—an
examination of the proposed spectrum at strong
winds

It is especially significant to compare the spectrum
model with field measurements in strong winds. Pre-
vious researchers (Phillips 1988; Plant 1986) have ob-
tained a good agreement between their models and field
measurements except in the case of strong winds. The
measurements by Jones et al. (1977) were for K,-band
and for conditions differing from weak to very strong
winds. These data are used to confirm the proposed
spectrum (59) by using RBCS calculated from (65) in
Fig. 7a and by using RBCS calculated from (70) in
Fig. 7b. To emphasize the contribution from the pro-
posed spectrum, the two-scale model related to Bragg
resonance and the skewness of the slope distribution
related to specular reflection are not adopted in these
figures. A similar comparison with the same data was
given by Apel (1994). Generally speaking, his model
fits the data successfully; the mean error and the stan-
dard deviation are quite small. But there are obvious
systematic errors in the case of strong winds. The
RBCS calculated from his spectrum are smaller than
those from data at U,os = 23.6 m s™', and larger than
those from data at U;gs = 150 ms~', or 13.5ms™".
Figure 7 does not show any evidence of systematic er-
rors, which means that the proposed spectrum is an
improvement over previous models in the case of
strong winds. This improvement is a result of the dis-
sipation mechanism due to wave—drift interactions.
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FiG. 7. Calculated and measured radar backscatter cross sections (RBCS) for vertically polarized
14-GHz radar in upwind direction as a function of incidence angle, with wind speed as a parameter.
Measurements are from Jones et al. (1977). The lines represent the RBCS calculated from the
proposed spectrum and the radar backscatter theory. (a) The RBCS —calculated from Egs. (62)-
(65) and (59), including only the contribution from Bragg resonance. (b) The RBCS-—calculated
from (70), (66)—(69), (62)—(65), and (59), including the contributions from both Bragg resonance

and specular reflection.

Some disagreements from 6 = 10° to § = 25° in Fig.
7b are from the selection of probability P in the simple
mixed model (70) rather than the proposed spectrum
model.

d. Comparison with C-band empirical models—an
examination of the directional spreading function
of the proposed spectrum

The ERS-1 satellite, launched by the European Space
Agency (ESA) on 17 July 1991, has a scatterometer on-
board as part of its total sensor package. The scattero-
meter is an active C-band radar of 5.3 GHz for vertical
polarization. The first model of the ocean surface wind

recovery algorithm CMOD-1 (Long 1986) for scattero-
meter data on ERS-1, resulting from many aircraft circle-
flight campaigns in the North Atlantic, was used in final
stages of ERS-I design. The second model CMOD-2
(Hoffman 1993), resulting from two datasets (the North
Atlantic and the Mediterranean Sea aircraft circle-flight
campaigns), was used as prototype for a future space-
derived model. Better current models, CMOD-3, CMOD-
4, and CMOD-5, etc., based on ERS-1 data with accuracy
about 0.2 dB, were developed by investigators of ESA,
the European Centre for Medium-Range Weather Fore-
casts (ECMWF), National Aeronautics and Space Ad-
ministration—Jet Propulsion Laboratory/Oregon State
University, and the University of Hamburg (Attema
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1992; Hoffman 1993; Anderson et al. 1991; Stoffelen et
al. 1992). The model CMOD-3, originating from
ECMWEF (Stoffelen et al. 1992a,b), has been in use in
all stations since 10 July 1992. Six models were evaluated
by the National Meteorological Center (NMC), NOAA.
Preliminary analysis indicates that the ESA’s CMOD-4
operational algorithm (developed at ECMWEF) is a lead-
ing candidate for implementation at NMC (Woiceshyn et
al. 1993).

The CMOD-3 formulas, used in this paper, were
from Guignard (1992), the formulas for CMOD-4
were provided by Scott R. Dunbar (1994, personal
communication), and those for CMOD-5 were from
Quilfen (1993). These models are the result of data
from many field measurements, and hence they repre-
sent the field measurements.
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Figure 8a gives a comparison of the radar backscatter
cross sections (RBCS), calculated from Eq. (70), with
the data calculated from CMOD-3 in the upwind direc-
tion. Figure 8b divides the RBCS into two parts: solid
lines representing contributions only from Bragg res-
onance, dashed lines representing contributions only
from specular reflection. Figure 8b shows that Bragg
resonance plays a significant role when the incidence
angle @ is larger than 35°, and both mechanisms play
significant roles when 6 is between 18° and 35°. For
strong winds, Bragg resonance is more significant for
the total range of incidence angles larger than 18°. Fig-
ures 9, 10, and 11 give the comparison of RBCS, cal-
culated from the mixed model (70), which includes
contribution from the proposed spectrum, with the data
from CMOD-3, CMOD-4, and CMOD-5. It is equiv-
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FiG. 8. (a) Calculated and indirectly measured radar backscatter cross sections (RBCS) for

vertically polarized 5.3-GHz radar in upwind direction as a function of incidence angle, with
wind speed as a parameter. The indirectly measured RBCS, represented by discrete symbols, are
from CMOD-3. The RBCS, represented by lines, are calculated from the proposed spectrum and
the radar backscatter theory. (b) Similar to (a) except the calculated RBCS are divided into two
parts. Solid lines represent the RBCS calculated from Bragg resonance, and dashed lines that
from specular reflection.
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FiG. 9. Calculated and indirectly measured radar backscatter cross
sections (RBCS) for vertically polarized 5.3-GHz radar at an inci-
dence angle of 38° as a function of azimuth angle, with wind speed
as a parameter. The indirectly measured RBCS are from CMOD-3,
CMOD-4, and CMOD-5, and represented by rhombuses, squares, and

pluses, respectively. The wind speeds at 10 m over sea surface are 3

ms™', 10 ms™', 17 ms™', and 24 m s~' from lower to upper, re-

spectively. The calculated RBCS, represented by lines, are from the
proposed spectrum and the radar backscatter theory.

alent to compare the proposed spectrum with the field
measurements indirectly. To emphasize the contribu-
tion from the proposed spectrum, the influence from
background waves in the two-scale model related to
Bragg resonance and the skewness of the slope distri-
bution related to specular reflection were not shown in
these figures. So, the differences between the calculated
RBCS at upwind and downwind directions are not
shown in these figures.

These figures show good agreements between the
proposed spectrum and the field measurements. In
comparison with ERS-I scatterometer models, the di-
rectional spreading function in the proposed spectrum
(59) is found to be in agreement with the field mea-
surements indirectly. The directional spreading func-
tion is a sum of the directional distribution from the
original wind stress input and the modification from
wave —drift interactions. Eddy-viscous dissipation is ef-
fective only in the range of very high frequencies. This
is expected to be confirmed by a comparison with the
field measurements in K,-band at high wind speeds.

The comparisons not only confirm the directional
spreading function of the proposed spectrum, but also
connect the empirical models with related physical pro-
cesses. By using Monte Carlo simulations, Liu and
Pierson ( 1994) confirmed that rather small errors in the
shape of the wind recovery algorithm curves for
C-band backscatter can result in unacceptable system-
atic errors in both wind speed and direction. Also, raw
data from field measurements show radar backscatter
to be variable under the same conditions of wind speed
and direction. These problems require that we focus our
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FiG. 10. Similar to Fig. 9 except at an incidence angle of 48°.

attention on the physical nature of the backscatter.
Study of the proposed spectrum model is the first step
in this research.

6. Conclusions

Based on the balance of the five physical pro-
cesses—the wind input, the spectral flux divergence,
the dissipation due to molecular viscosity, the dissipa-
tion due to eddy viscosity, and the modulation due to
wave—drift interaction, a form of the directional spec-
trum of the gravity—capillary waves is suggested. Fol-
lowing the related theories and the comparisons with
measurements, our conclusions are the following:

1) Each physical process plays a special role in set-
ting the wind-induced wave growth rate and the shape
of the gravity—capillary wave spectrum. In the sug-
gested spectrum, the wind input with a selected value
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FiG. 11. Similar to Fig. 9 except at an incidence angle of 58°.
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of the threshold wind friction velocity controls the en-
ergy level in the range of middle and low wind speeds.
Both the quadratic relation of wind input and the
threshold wind friction velocity controls the slope of
the curve of the spectrum versus the wind input. The
eddy-viscous dissipation makes the spectrum fit the
measurements very well in the range of both higher
wind speeds and higher wavenumbers, especially in the
“‘cutoff ’ range of the spectrum. The modulation from
the surface drift has the effect of suppressing the spec-
trum at higher wind speeds and yields a good agree-
ment with the measurements of both the spectral energy
and the directional spreading rate.

2) The physical process involved in the modulation
from surface drift has been investigated by Phillips and
Banner (1974). Their kinematic breaking criterion is
applied in our study of the short-wave dissipation in a
very rough approximation and a very simple form. The
surface drift augmented by long waves is empirically
found to be proportional to the long-wave orbital ve-
locity. So the comparison between the short-wave
phase speed and the drift in the criterion can be re-
placed by the comparison between the short-wave
phase speed and the long-wave orbital velocity in an
equivalent criterion. The amplitude of long-wave or-
bital velocity obeys Rayleigh distribution approxi-
mately. The probability of short-wave breaking at the
crest of long waves has been derived from the equiv-
alent criterion and the distribution of the amplitude of
long-wave orbital velocity. The short-wave dissipation
is a product of the wind input, the probability of short-
wave breaking and the absence rate, which refers to a
position of short-wave breaking. The absence rate is
assumed to be a function of the probability of short-
wave breaking at the crest. Finally, the short-wave dis-
sipation in the alongwind direction is derived as

D =S, exp(—c¥aymy),

where my is the zeroth moment of nondirectional fre-
quency spectrum of long-wave orbital velocity, a, is a
constant, ¢ is the short-wave phase speed, and S,, is the
wind input. Further study indicated that the zeroth mo-
ment can be estimated by the wind speed in the open
ocean or the wind friction stress in the wind wave
tunnel.

3) The threshold friction velocity 6 is empirically
determined to be about 5 cm s ™', which corresponds to
a value of about 1.3 m s~' for the wind at 10 m over
the water surface in a fully developed stage. In the ini-
tial stage, a relation on the threshold friction velocity
is obtained from a balance between the molecular-vis-
cous dissipation and the wind input, with consideration
of the wind Reynolds stress fluctuation generated by
atmospheric turbulence. Physically, the threshold fric-
tion velocity 4 is determined by a balance between the
wind input and the molecular-viscous dissipation. The
wind input is related to the wind Reynolds stress fluc-
tuations. The wind Reynolds stress fluctuations are
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| generated by both the atmospheric turbulence and the

dominant water waves. The scale of the dominant water
waves is smaller than that of the atmospheric turbu-
lence. In the initial stage, the dominant water waves are
not formed. Therefore, the wind stress fluctuations and
wind input in the initial stage and in the fully developed
stage are different from each other. This difference
causes different threshold friction velocities for differ-
ent stages.

4) An equation of the wind-induced wave growth
rate is obtained by considering the wind stress fluctu-
ation and the three dissipation processes due to the mo-
lecular viscosity, the eddy viscosity, and the wave—drift
interaction. Two alternate equations are suggested to
simplify the original one.
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APPENDIX A

The Relationship between the Surface Drift and the
Long-Wave Orbital Velocity

At first, we give a few binding relations among the
long-wave phase speed, the long-wave orbital velocity,
and the surface drift.

From the Neumann spectrum (Neumann 1953), the
P—M spectrum (Pierson and Moscowitz 1964 ), and the
spectrum given by Donelan et al. (1985), the dominant
long-wave phase speed is found to be proportional to
the wind speed at a given height. For example, the P—
M spectrum gives

_ Uiss
0.877°

(A1)

where C is the phase speed of dominant long waves at
spectral peak and U, 5 is the wind speed at 19.5 m over
the ocean.

The magnitude of the surface drift is on the order
3/100 or 4/100 of the mean wind speed as usually
measured at a height of 10 m (Banner and Phillips
1974). Because there is only a small difference be-
tween U,y and U,y5, an approximate relation can be

given as
35
9o = (ﬁ) Uiss,

where g, is the surface drift at the point of long-wave
profile where the surface displacement { = 0.

(A2)
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The relation between the long-wave phase speed
C and the amplitude u, of long-wave orbital velocity
is

Uo
s = A3
B C (A3)
where g, is the long-wave slope and u, is the amplitude
of the long-wave orbital velocity component in the
alongwind direction.
Substituting (Al), (A2), and (A3) into (25), we
have

Gmax

(1 - ﬁs)
=21
Uo Bs { [
(A4)

where a; = 0.877, a, = 0.035, ... represents the max-
imum value of the surface drift at crest (§ = 0). The
right side of (A4) is called the proportional coefficient.
The coefficient versus the long-wave slope is shown in
Fig. Al. It is found empirically that this coefficient is
approximately a constant with a mean value of about
0.15 in the range of slopes from 0.15 to 0.70 in the
open ocean.
So, we have

_ a0 (2 ~ axaz)]m}
(-8 ’

Gmax = Gy, (AS5)
where a is a constant with a value of about 0.15 for the
open ocean.

If we use
_ 35
q= ﬁ Uigs (A6)

to replace (A2), the relation (AS) can still be obtained.
Here g represents the mean value of the surface drift at
a period of long wave. Figures A2a and A2b are ob-
tained from (25), (Al), (A3), and (A6). Figure A2a
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FiG. Al. The proportional coefficient, which is expressed by the
right side of (A4), vs the long-wave slope.

JOURNAL OF PHYSICAL

OCEANOGRAPHY VOLUME 25

- 07

0.6 -

s |-

04 -

03

long-wave slope

02 =

0.1 =

1000

wind speed(cm)s)

1500 2000 2500

300 T | E— T T  E—

250
200
150

100

surface drift at crest(cm/s)

50

0 1 1 | 1 1 | L
0 200 400 600 800 1000 1200 1400

dominant long-wave orbital velocity(cm/s)

FiG. A2. The approximate linear relation between the surface drift
at the crest and the long-wave orbital velocity in the condition of
various slopes. It is found that the surface drift at crest, given by (25)
and a few binding relations (A1), (A3), and (A6), is approximately
proportional to the long-wave orbital velocity. (a) The .long-wave
slope versus the wind speed in the three different cases. (b) The
surface drift at crest, augmented by long-wave orbital velocity, versus
the long-wave orbital velocity in the three cases.

)
shows the long-wave slope versus the wind speed in
the three different cases. The differences of the slopes
are large, as shown by a solid line and two dashed lines.
The corresponding drift at the crest, augmented by the
long-wave orbital velocity, versus the long-wave or-
bital velocity are shown in Fig. A2b. It is found that
the influence from long-wave slope is suppressed and
the drift currents can be approximately expressed as a
linear function of the long-wave orbital velocity. This
means that (AS) is approximately correct when (A2)
is replaced by (A6). ‘ :

For the wind wave tunnel, the binding relation be-
tween the long-wave phase speed and the wind speed
will be different. For example, a relationship obtained
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from the measurements by Jihne and Riemer (1990)
is

-1 UIO)”2~

C=(16cms (AT)

The relationship between the mean drift and the
mean wind speed is similar to that in the open ocean.
The proportional coefficient measured by Wu (1968)
is about 4/100. Using (A7) to replace (A1), we found
that 1) the surface drift at crest is still proportional to
the long-wave orbital velocity as shown in (AS), but
the proportional coefficient a obviously increases and
2) the long-wave slopes are small (less than 0.25),
otherwise the long waves will break. When the back-
ground long waves break, (A4) cannot be used to de-
rive the surface drift at crest. The influence from the
long-wave breaking has not been included in this study.

APPENDIX B

The Probability Distribution of the Amplitude
of Long-Wave Orbital Velocity
in the Alongwind Direction

Based on the statistical theory of random functions
first developed by Rice (1945), Longuet-Higgins
(1975) derived the probability density of the wave am-
plitude.

Assuming that the sea surface is Gaussian and that
the energy spectrum is sufficiently narrow, the proba-
bility density of the wave amplitude a (defined as half
the crest-to-trough wave height) is given by the well-
known Rayleigh distribution

fle) =™, e=—75, (B1)
Ho

where p, is the zeroth moment of the energy spectrum.
(In fact, y, is also the mean-square wave amplitude.)
To verify the distribution, some comparisons with ob-
servations have been given (Longuet-Higgins 1975;
Chakrabarti and Cooley 1977). These comparisons in-
dicated that there appears to be a reasonable fit. Espe-
cially, data with spectral width from 0.57 to 0.8 still fit
the Rayleigh distribution very well (Chakrabarti and
Cooley 1977).

Assuming that the long-wave orbital velocity com-
ponent in the alongwind direction is Gaussian and that
the corresponding energy spectrum is narrow, the prob-
ability density of the amplitude of long-wave orbital
velocity component in the alongwind direction is given
by the Rayleigh distribution

—n? Uy
fm)=ne™""?, n=—7, (B2)
Ho
where y, is the zeroth moment of the energy spectrum
of long-wave orbital component in the alongwind di-
rection, u, is the amplitude of long-wave orbital veloc-
ity component in the alongwind direction. The proof of
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Eq. (B2) is the same as that given by Longuet-Higgins
(1975).

The assumption of narrow energy spectrum of the
component in the alongwind direction can be accepted,
especially in the condition of strong winds. The spectral
width of energy spectrum of long-wave orbital velocity
component in the crosswind direction is much larger
than that in the alongwind direction. So, the Rayleigh
distribution cannot used to describe the component in
the crosswind direction.

From the Rayleigh distribution (B2) and the crite-
rion (35), the probability of short-wave breaking can
be derived as

P(n >

angC
cosdud?

2|,

Jor

cosu”?

= expf — —20¢"
= Py T 2 cos by )’
where ¢ is the angle between the short waves and the
mean wind direction.
The zeroth moment of the energy spectrum of long-

wave orbital velocity component in the alongwind di-
rection can be described by

(B3)

Lo = J“‘”f ®(w, 0) cos?(8)dhdw, (B4)
0 ~mwi2

where ®(w, ) is the directional spectrum of long-wave
orbital velocity and @ is the angle between the long-
wave orbital velocity and the mean wind direction.

A simple form of the directional spectrum is given by

K®w) cosd for |8] < =n/2

D(w, 0) = .
0 otherwise,

(BS)

where K and p are constants, K®(w) is the frequency
spectrum of long-wave orbital velocity component in
the alongwind direction, and cos*”# is its directional
spreading function.

Substituting (B5) into (B4), we obtain

o /2
Ho = f
0 —n/2

K®(w) cos*"* Dodfdw

2p+ 1
= —— K 2p,
1+ 1) . P(w) cos’0dbdw
_ 2p+1 J‘
20+ ) U(w)dw
2p +1

JmA2(w)w2dw * myg, (B6)

200+ Do
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wave orbital velocity at spectral peak are calculated from ¥ (w,) = A*(w,)w) = B(f,)k;*w3, and

the original data are from their Fig. 7.

where ¥(w) is the nondirectional frequency spectrum of
long-wave orbital velocity, A%(w) is the nondirectional
frequency spectrum of surface elevation, and my is the
zeroth moment of the nondirectional frequency spectrum
of long-wave orbital velocity, which is defined by

my = f P(w)dw = fwAz(w)wzdw. (B7)
0 ,

0

From a nondirectional frequency spectrum of surface
elevation, given by Pierson and Moscowitz (1964),

2 4
A (w) = ﬁexp[—ﬁ( Uliw) ] , (B8

BE
with

=8.10x 107, B =074,
a relation between the zeroth moment m, and the wind

speed U5 at a height of 19.5 m over the ocean surface
can be derived as ‘

(B9)

Equation (B9) can be used in the case of the open
ocean. For the narrow wind-wave tunnel, a different
relation will be obtained. From the definition of m, [ see
(B7)], we have

2
mo = Ulgs.

S wp,+Aw
my = f V(w)dw ~ f W(w)d ~ 3 U(w,)

0 wp— Aw
X [(wp + Aw) — (w, — Aw)] * ¥(w,), (B10)

where w, is the angular frequency at the spectral peak.

The above relationship is obtained approximately on
the assumptions that the energy spectrum is sufficiently
narrow and the spectrum width 2Aw is insensitive to
the wind speed.

Figure B1 shows the square root of the nondirec-
tional frequency spectrum of long-wave orbital veloc-
ity at spectral peak versus the wind friction velocity.
The data in Fig. B1 are from the measurements by
Jahne and Riemer (1990). An approximate relation-
ship, found from Fig. B1, is

U'2(w,) o (uy —S5cms™). (B11)
Combined with (B10), we have
my * (Uge — Scms™ )2, (B12)

Equation (B9) indicates that the zeroth moment my
of nondirectional frequency spectrum of long-wave or-
bital velocity in the open ocean is proportional to the
square of wind speed at a height over the ocean. Equa-
tion (B12) indicates that the zeroth moment m, in the
wind-wave tunnel is proportional to the input wind
stress. Actually, the value 5 cm s ™! in (B12) is present
as a threshold wind friction velocity. Because the mod-
ulation from wave—drift interaction is significant only
in the presence of strong winds, the influence from the
threshold wind friction velocity in (B12) is negligible.
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